We present an ab initio study of the structural, electronic and thermodynamic properties of TlX(X=P,As). The plane-wave pseudopotential approach to the density-functional theory within the LDA and GGA approximations implemented in VASP (Viena Ab-initio Simulation Package) is used. The calculated lattice parameter, elastic constants, and band structures are compared with other available theoretical results, and good agreement is obtained. In addition, we have calculated the transition pressure (P ) from zinc-blende (ZB) to (rock-salt) NaCl structures, and have examined some thermodynamic properties.
Introduction
Recently, it has been suggested that optoelectronic devices based on thallium-V have advantages over the II-VI semiconductor devices, as an alternative to HgCdTe, for interesting applications in optical communication systems (laser diodes, detectors) in the near-infrared wavelength region. Both the pioneering theoretical works of Van Schilfgaarde et al. [1, 2] and Krishnamurthy et al. [2] on TlInP, TlIn As and TlInSb and the improvements of the epitaxial molecular-beam epitaxy (MBE) have opened the way to the study of the growth, and the electronic properties, of III-V compounds containing thallium. N.S. Houat et al. [3] have recently performed ab initio selfconsistent calculations in order to investigate the struc-tural stability of thallium-V compounds: TlN, TlP, TlAs, TlSb and TlBi. They have used several phases in order to fix the most stable structure for each compound. Among the structures that they considered, wurtzite is found to be the ground state phase for TlN, and the zinc-blend (ZB) for TlP and for Tl As, while TlSb and TlBi favor the tetragonal PbO phase.
The aim of the present paper is to reveal the bulk, structural, thermodynamic, and elastic properties of TlP and TlAs in ZB and NaCl phases using the VASP method with plane-wave pseudopotential. In Section 2, a brief outline of the method of calculation is presented. In Section 3, the results are presented, followed by a summary discussion.
Method of calculation
In the present work, all calculations have been carried out using the Vienna ab initio simulation package (VASP) [4- 7] based on density functional theory (DFT). The electronion interaction was considered in the form of the projectoraugmented-wave (PAW) method with plane wave up to an energy of 500 eV [6, 8] . This cut-off was found to be adequate for the structural, elastic properties as well as for the electronic structure. We do not find any statistically significant changes in the key parameters when the energy cut-off is increased from 500 eV to 550 eV. For the exchange and correlation terms in the electronelectron interaction, the Perdew and Zunger-type functional [9, 10] was used within the generalized gradient approximation (GGA) [8] . The electron-electron interaction was also considered within the local density approximation (LDA) of the density functional theory, using the quantum Monte Carlo correlation energies per particle calculated by Ceperley and Alder [11] and parameterized by Perdew and Zunger [12] in oder to compare with our GGA results. Self-consistent solutions were obtained by employing the 110 -points for the integration. Our calculated theoretical lattice parameters within the LDA approximation is about 5.75 Å for TlP. However, within the GGA approximation, this value is found to be about 6.13 A. These two calculated values are in agreement with the other theoretical results.
Results and discussion

Structural and electronic properties
The equilibrium lattice parameter has been computed by minimizing the crystal total energy calculated for different values of lattice constant by means of Murnaghan's equation of state (eos) [13] , as in Fig. 1 . The bulk modulus and its pressure derivative have also been calculated based on Murnaghan's equation of state. Results are given in Table  1 along with the other theoretical values. The calculated values of the lattice parameters obtained using LDA are 5.747 and 6.171 Å in the ZB phase, and 6.125 and 6.171 Å in the NaCl phase for TlP and TlAs, respectively. The present values of lattice constants obtained using GGA are also listed in Table 1 . Note that the results obtained from the two approximations accord well with the other theo- retical values [14] Results obtained from LDA and GGA are given in Table 1 , compared with the ones from Refs. a and b. The methods employed in Refs. [14] and [3] are LDA and GGA, respectively. Our LDA and GGA results for lattice parameters in the ZB phase are in good agreement with Refs. [14] and [3] . Furthermore, our GGA results for the bulk modulus are better than the LDA results. The cohesive energy is known as a measure of the strength of the forces that bind atoms together in a solid state. In this connection, the cohesive energies of TlP and TlAs in the ZB structure are calculated. The cohesive energy (E ) of a given phase is defined as the difference in the total energy of the constituent atoms at infinite separation and the total energy of that particular phase:
where E AB is the total energy of the compounds at equilibrium lattice constant, and E the atomic energies of the pure constituents. The computed cohesive energies (E ) using LDA are found to be 7.629 and 7.445 eV/atom in the ZB phase, and 7.445 and 5.954eV/atom in the NaCl phase for TlP and TlAs, respectively. They are also listed in Table 1 .
We have plotted the phase diagrams (equation of state) for both the ZB and the NaCl phases in Fig. 2 . The discontinuity in volume takes place at the phase transition pressure. The phase transition pressures from the ZB to the NaCl structures are found to be 4.47 and 3.37 GPa (see Table 2 ) from the Gibbs free energy at 0 K for TlP and TlAs, respectively. The corresponding enthalpyversus-pressure graphs for both phases are shown in Fig.  3 . Transition pressure is the pressure at which the H( ) curves for both phases cross. The same result is also confirmed in terms of the "common tangent technique" in Fig.  1 .
The present first-principles code (VASP) has also been used to calculate the band structures for TlP and TlAs. The results obtained for high symmetry directions in the ZB and the NaCl structures are shown in Fig. 4 and 5, respectively. It can be seen from Fig. 4 and Fig. 5 that no band gap exists for the compounds studied; the compounds exhibit nearly semi-metallic character. The total electronic density of states (DOS) corresponding to the present band structures in the ZB and the NaCl structures are also depicted in Fig. 4 and Fig. 5 , respectively. Moreover, the disappearing of the energy gap in DOS is consistent with the semi-metallic nature of TlP and TlAs. A similar situation is observed for LaN in our recent work [15] .
Elastic properties
The elastic constants of solids provide a link between the mechanical and dynamical behavior of crystals, and give important information concerning the nature of the forces operating in solids. In particular, they provide information on the stability and stiffness of materials. Their ab initio calculation requires precise methods inasmuch as the forces and the elastic constants are functions of the firstand second-order derivatives of the potentials. Their cal- culation will provide a further check on the accuracy of the calculation of forces in solids. The effect of pressure on the elastic constants is essential, especially for understanding interatomic interactions, mechanical stability, and phase transition mechanisms. It also provides valuable data for developing interatomic potentials There are two common methods [16] [17] [18] [19] for obtaining the elastic data through the ab initio modelling of materials from their known crystal structures: an approach based on the analysis of the total energy of properly strained states of the material (volume conserving technique) and an approach based on the analysis of changes in calculated stress values resulting from changes in the strain (stress-strain method). Here we have used the "stressstrain method" for obtaining the second-order elastic constants (C ). The values for C listed in Table 3 are reasonable and close to the values found in the literature. Experimental values of Cij for TlX (X = P A ) are not currently available. The Zener anisotropy factor A, Poisson ratio υ, and Young's modulus Y -the most interesting elastic properties for applications-are also calculated in terms of the computed data using the following relations [20] :
and
where G = (G V +G R )/2 is the isotropic shear modulus, G V is Voigt's shear modulus corresponding to the upper bound of G values, and G R is Reuss's shear modulus corresponding to the lower bound of G values, and can be written as Table  4 . They are close to those obtained for similar structural symmetry.
The Debye temperature (θ D ) is known as an important fundamental parameter that is closely related to many physical propertied such as specific heat and melting temperature. At low temperatures, the vibrational excitations arise solely from acoustic vibrations. Hence, at low temperatures, the Debye temperature calculated from elastic constants is the same as that determined from specific heat measurements. We have calculated the Debye temperature, θ D , from the elastic constants data from the average sound velocity, , using the following common relation given [21] θ D =¯ 3 4π
where¯ is Planck's constants, is Boltzmann's constants, N A Avogadro's number, is the number of atoms per formula unit, M is the molecular mass per formula unit, ρ(= M/V ) is the density, and is obtained from
where and , are the longitudinal and transverse elastic wave velocities, respectively, that are obtained from Navier's equations [22] :
The calculated average longitudinal and transverse elastic wave velocities, Debye temperature and melting temperature for TlP and TlAs are given in Table 5 . No other theoretical or experimental data exist for comparison with the present values. However, our values for Debye temperatures are higher than those for the consistuent atom Tl (78.5 K) The empirical relation [23] , T =553 K+ (591/Mbar)C 11 ± 300, is used to estimate the melting temperature for TlP and TlAs, and found to be 1697 ± 300, 1616 ± 300. K. This value is much higher than those obtained for Tl (577 K). We hope that the present results provide a reliable estimation for these compounds since it contains only C 11 a reasonable value.
Summary and conclusion
The fist-principles pseudopotential calculations have performed for the TlX(X = P A ). Our present key results are for the elastic, electronic, and structural properties of TlP and TlAs. The lattice parameters as well as the bulk modulus and its pressure derivatives are in good agreement with other theoretical values, and there are no experimental data of these compounds for comparison. Our elastic data are in agreement with the available theoretical findings. The computed band structures for TlP and TlAs, which are not detailed, show metallic character. It is hoped that some of our results, such as cohesive energy, Debye temperatures, and melting temperatures, will be tested experimentally and theoretically in the future.
